Cells rely on the correct sorting of endocytic ligands and receptors for proper function. Early endosomes have been considered as the initial sorting station where cargos for degradation separate from those for recycling. Using livecell imaging to monitor individual endosomes and ligand particles in real time, we have discovered a sorting mechanism that takes place prior to early endosome entry. We show that early endosomes are in fact comprised of two distinct populations: a dynamic population that is highly mobile on microtubules and matures rapidly toward late endosomes and a static population that matures much more slowly. Several cargos destined for degradation are preferentially targeted to the dynamic endosomes, whereas the recycling ligand transferrin is nonselectively delivered to all early endosomes and effectively enriched in the larger, static population. This pre-early endosome sorting process begins at clathrin-coated vesicles, depends on microtubule-dependent motility, and appears to involve endocytic adaptors.
INTRODUCTION
Proper sorting of proteins and lipids is essential for many cellular activities. Internalized nutrients must be targeted to different organelles for processing, and newly synthesized proteins are directed to specific cellular locations for function. A primary function of the endocytic system is to sort internalized ligands and receptors to different destinations (Trowbridge et al., 1993; Mellman, 1996; Mellman and Warren, 2000; Gruenberg, 2001) . For example, transferrin, low-density lipoprotein (LDL) receptors, and certain G protein-coupled receptors (GPCR) are recycled back to the plasma membrane (Anderson et al., 1982; Dautry-Varsat et al., 1982; Hopkins and Trowbridge, 1983; Marchese et al., 2003) , whereas LDL, epidermal growth factor (EGF), asialoglycoproteins and a-2-macroglobulin are transported to late endosomes and lysosomes for degradation (Carpenter and Cohen, 1979; van Leuven et al., 1980; Wall et al., 1980; Goldstein et al., 1985) . Pathogens such as viruses can also exploit endocytic sorting for infection (Pelkmans and Helenius, 2003) .
Early endosomes, also referred to as the sorting endosomes, have traditionally been considered as the initial sorting stations, where cargos destined for recycling begin to separate from those bound for degradation (Yamashiro and Maxfield, 1987; Mellman, 1996; Gruenberg, 2001) . Transferrin, LDL, and EGF are all believed to first enter a common pool of early endosomes where sorting takes place (Dickson et al., 1983; Dunn et al., 1989; Ghosh et al., 1994) . Sorting in the early endosome could result from a geometric constraint in which the membrane bound components are primarily recycled back to the cell surface, whereas cargos in the fluid phase are more likely to be delivered to late endosomes (Dunn et al., 1989; Mayor et al., 1993; Mellman and Warren, 2000) . Lipid composition has also been proposed to play a role in sorting (Mukherjee et al., 1999; Watanabe et al., 1999) . In addition, specific sorting signals have been identified on the receptors (Bonifacino and Traub, 2003; Hicke and Dunn, 2003; Marchese et al., 2003; Tanowitz and von Zastrow, 2003; Gruenberg and Stenmark, 2004) .
While research efforts have mainly focused on understanding the sorting occurring in early endosomes, a fundamental question remains open as to whether the sorting of endocytic cargos between recycling and degradation pathways may begin even before entering early endosomes. Recently, it has been found that different endocytic receptors require different adaptor proteins for endocytosis (Schmid, 1997; Traub, 2003; Robinson, 2004; Sorkin, 2004) . However, the significance of the diversity of adaptor proteins and how these adaptors might direct endocytic sorting remains unclear.
As the endocytic system is comprised of a highly dynamic network of vesicles and endosomes, monitoring the evolution of this network in real time is crucial for a better understanding of intracellular trafficking. In this work, we observed the trafficking of endocytic ligands by realtime tracking of the interactions between individual cargo particles and endosomes in live cells. We show that early endosomes are not made of a uniform pool of endocytic compartments nondiscriminatively accepting all internalized cargos but instead are comprised of two populations with distinct mobility and maturation kinetics. Surprisingly, ligands including transferrin, LDL, EGF, and influenza virus, which all enter cells primarily via clathrin-mediated endocytosis, are differentially trafficked into these two populations: those ligands destined for degradation are preferentially targeted to the small population of dynamic, rapidly maturing early endosomes, whereas the recycling ligand transferrin is nonselectively targeted to all early endosomes and effectively enriched in the larger population of static, slowly maturing early endosomes. This preearly endosome sorting begins at the plasma membrane and depends on the composition and motility of endocytic vesicles.
RESULTS

Early Endosomes Are Comprised of Two Distinct Populations with Different Maturation Kinetics and Mobility
Rab GTPases are specifically localized to different intracellular organelles (Zerial and McBride, 2001; Pfeffer and Aivazian, 2004) . For example, Rab5 and Rab7 primarily associate with early and late endosomes, respectively, and Rab11 is a recycling endosome marker, though small amounts of Rab11 were also found in early endosomes and Golgi (Chavrier et al., 1990; Ullrich et al., 1996; Sonnichsen et al., 2000; Barbero et al., 2002) . In order to visualize early and late endosomes, we coexpressed Rab5 and Rab7, fused to cyan and yellow fluorescent proteins (ECFP and EYFP), respectively, in BS-C-1 cells. ECFPRab5 shows discrete spots primarily distributed in the cell periphery; EYFP-Rab7 spots are more common in the perinuclear region (see Movie S1 in the Supplemental Data available with this article online). While most of the Rab5-positive endosomes show only the Rab5 signal, a small fraction (14%) contains partially overlapping domains of Rab5 and Rab7. We interpret the former as early endosomes and the latter as transient intermediates, which are maturing toward late endosomes (Stoorvogel et al., 1991; Rink et al., 2005; Vonderheit and Helenius, 2005) . Indeed, the Rab5-only endosomes show 80% colocalization with early endosomal antigen 1 (EEA1; Figure 1A ) but only 10% colocalization with a late endosome marker, the cation-independent mannose phosphate receptor (CI-MPR; Figure 1B ). In contrast, 57% of the endosomes that contain both Rab5 and Rab7 overlap with CI-MPR ( Figure 1B ). Substantial overexpression of Rab5 was previously shown to cause pronounced enlargement of early endosomes and their redistribution to the perinuclear region (Nielsen et al., 1999) . In our experiments, ECFP-Rab5 was expressed at sufficiently low levels such that the enlargement and redistribution of endosomes were not observed. The expression of ECFPRab5 and EYFP-Rab7 also did not affect the internalization and postendocytic trafficking kinetics of endocytic ligands ( Figures S1 and S2) .
Next, we tracked early endosomes that initially carry Rab5 and observed the change of their Rab content in real time (Figures 1C and 1D ; Movies S2 and S3). Surprisingly, we observed two distinct populations of early endosomes: about 35% of Rab5-positive endosomes either mature rapidly by accumulating Rab7 with a time constant of 30 s or already carry Rab7 at the beginning of our observation; the remaining 65% mature on a much slower time scale, not acquiring Rab7 even after 100 s ( Figure 1E ). The accumulation of Rab7 mostly occurs gradually ( Figure 1D ). The maturation kinetics are identical between cells maintained at 37ºC and cells that have just experienced a temperature jump from 0ºC to 37ºC ( Figure S3 ).
The maturation rate of early endosomes is highly correlated with their mobility along microtubules ( Figure 1F) . The rapidly maturing population shows significantly higher mobility and exhibits directed movement, demonstrated by a mean-square-displacement analysis of the endosome trajectories ( Figure S4 ). In contrast, the slowly maturing population is much less mobile. The mobility of the rapidly maturing population is reduced to the level of the slowly maturing endosomes by treatment with the microtubule-disrupting drug nocodazole ( Figure 1F ), indicating that the rapidly maturing population is actively transported on microtubules whereas the slowly maturing population is not. Some of the slowly maturing endosomes eventually acquire Rab7 before significant photobleaching begins to interfere with imaging. Shortly before Rab7 accumulation, the mobility of these endosomes typically increases to a level similar to that of the rapidly maturing population (data not shown), suggesting that the two observed populations may represent two different stages in the life cycle of early endosomes.
The existence of two populations of early endosomes naturally raises the question of whether these populations are functionally distinct. To address this, we used realtime, three-color imaging to track individual cargo particles as they entered Rab-labeled endosomes.
Preferential Targeting of LDL, EGF, and Influenza to the Dynamic Population of Early Endosomes
We first tested the trafficking of cargos destined for degradation, including LDL, EGF, and influenza virus. LDL delivers cholesterol into cells by clathrin-mediated endocytosis (Anderson et al., 1977) . In order to determine whether the two populations of early endosomes are equally efficient in accepting LDL, we imaged the uptake of fluorescently labeled LDL in live cells. Remarkably, the great majority of internalized LDL is directly targeted to the dynamic, rapidly maturing endosomes (Figure 2A ; Movie S4). Even though this population represents only 35% of all early endosomes, 80% of LDL particles are directed to these structures ( Figure 2B ). In particular, 53% of LDL particles are delivered to endosomes that already contain both Rab5 and Rab7, indicating that LDL is indeed preferentially targeted to this population instead of stimulating the acquisition of Rab7. The delivery of LDL to dynamic endosomes often occurs soon after the LDL-carrying vesicle undergoes microtubule-dependent transport ( Figure 2C ).
EGF primarily enters cells via clathrin-mediated endocytosis when added at low concentrations (Carpenter and Cohen, 1979) . At high concentrations, some EGF molecules are diverted to other pathways (Jiang and Sorkin, 2003; Chen and De Camilli, 2005; Sigismund et al., 2005) . At the concentration used here, we found that EGF clusters into discrete structures on the cell surface, and nearly all of these clusters colocalize with clathrincoated pits before entry (data not shown). Much like LDL, upon internalization, EGF is preferentially targeted directly to the dynamic, rapidly maturing population of early endosomes (86%) with only a small fraction (14%) joining the static, slowly maturing endosomes.
Influenza virus enters cells by multiple endocytic mechanisms (Matlin et al., 1981; Sieczkarski and Whittaker, 2002) and subsequent fusion with late endosomes to release its genetic material (Yishimura and Ohnishi, 1984) . We have previously shown that influenza virus primarily enters cells via clathrin-mediated endocytosis (65%), with a small fraction (35%) entering via a clathrin-and caveolin-independent pathway (Rust et al., 2004) . To observe the trafficking of influenza, we added DiD-labeled virus particles to cells in situ while imaging at 37ºC. Like LDL, the virus particles are preferentially directed to the dynamic population of early endosomes (Figures 3A and 3B; Movie S5). Again, the majority of virus particles joins endosomes after the onset of microtubule-dependent transport (Figures 3C and 3D) . This is also consistent with our previous observation that the virus particles experience their initial acidification to pH 6 (early endosome pH) after the onset of microtubule-dependent transport (Lakadamyali et al., 2003) . Viral fusion events are identified by fluorescence dequenching due to spreading of DiD into the larger endosomal membrane ( Figure 3A ; Movie S5; Lakadamyali et al., 2003) . Interestingly, the majority of fusion events (72%) occur in maturing endosomes when both Rab5 and Rab7 are present ( Figure 3A ).
Nonselective Trafficking of Transferrin to All Early Endosomes
Transferrin delivers iron to cells by clathrin-mediated endocytosis (Hopkins and Trowbridge, 1983) . Internalized transferrin was previously believed to initially follow the same path taken by LDL, entering a common set of early endosomes before being recycled to the plasma membrane (Dunn et al., 1989; Ghosh et al., 1994) . Surprisingly, our real-time tracking of transferrin indicates that the initial trafficking of transferrin is drastically different from that of LDL. Transferrin shows more than 90% colocalization with all Rab5-positive endosomes after uptake ( Figure 4A ). (C) Time trajectories of the velocity (black) of an LDL particle and the ECFP-Rab5 signal (green) associated with that particle. The large velocity spike indicates a long-range microtubuledependent movement toward the perinuclear region, typically observed for endocytic ligands bound for degradation. These velocity spikes are abolished in cells treated with nocodazole.
In single-particle tracking experiments, transferrin-carrying vesicles, which initially exhibit no detectable Rab5 signal, are nondiscriminately delivered to both populations of early endosomes (Figures 4B and 4C) . Since the static, slowly maturing endosomes constitute a larger population than the dynamic, rapidly maturing ones, the effective 
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(A) Selected frames from a virus particle being trafficked to a rapidly maturing endosome and subsequent fusion with that endosome (see Movie S5). Fusion is indicated by a sudden increase in DiD signal due to fluorescence dequenching. Virus particles were added to the cell culture in situ at 37ºC, and time = 0 is set for each virus when it binds to the cell. (B) A histogram of maturation times for endosomes receiving influenza. Overlaid is the histogram for all Rab5-positive endosomes (dashed columns). (C) Time trajectories of the velocity (black) of a virus particle and the Rab5 signal (green) associated with the virus. The large velocity spikes indicate long-range microtubule-dependent motion. (D) A histogram of the time lag between virus particles entering a Rab5-positive endosome (t Rab5 ) and the onset of microtubule-dependent movement (t MT ). (E) Time trajectories of the environmental acidity (red) experienced by a virus particle and the ECFP-Rab5 intensity (green) associated with the virus particle. Acidification is measured as a change in the intensity ratio between CypHer5 (a pH-sensitive dye) and Cy3 (a pH-independent dye) attached to the virus. Calibration shows that the CypHer5/Cy3 ratio increases most significantly when pH changes from neutral to pH 6 (Lakadamyali et al., 2003) . (F) A histogram of the time lag between viruses joining a Rab5-positive endosome (t Rab5 ) and the initial acidification of the virus particle (t acidification ). result is that most of the transferrin molecules are delivered to the static population. This difference in transferrin and LDL trafficking is quantitatively consistent with the global distributions of these ligands obtained in cells expressing (or not expressing) fluorescent Rab proteins by using Rab5 and Rab7 (or EEA1 and CI-MPR) as the endosome markers ( Figure S5 ). The results are also independent of whether or not a low-temperature ligand binding step was employed prior to uptake.
In cells expressing EYFP-Rab11, a recycling endosome marker, transferrin molecules were observed to join Rab11-positive endosomes ( Figure 4D ; Movie S6), indicating that they were indeed delivered to the recycling pathway. Drugs interfering with recycling, such as wortmannin and neomycin, substantially reduce the percentage of transferrin spots colocalizing with Rab11 (data not shown). Besides going through the recycling endosomes, transferrin can also take a direct recycling pathway back to the cell surface (Sheff et al., 1999; Sheff et al., 2002) . Typically within minutes (96 ± 44 s on average) of association with Rab11, the transferrin spot forms tubular structures and breaks up into optically resolvable smaller vesicles (Figure 4D ; Movie S6), indicating tubular segments of endosomes pinching off to recycle transferrin back to the cell surface (Sonnichsen et al., 2000; Rink et al., 2005) . Consistent with this notion, such tubulation behavior was not observed for ligands destined to degradation, such as LDL or EGF. The tubulation of transferrin was observed from both static and dynamic early endosomes, including those containing both Rab5 and Rab7, suggesting that transferrin can be recycled from both endosome populations.
Differential Sorting into Distinct Early-Endosome Populations Is pH Independent
The acidity of the early endosome (pH 6) is important for its ability to sort cargos between degradation and recycling pathways (Mellman et al., 1986) . To observe the initial entry of cargo into an acidic endosome, we tracked influenza virus particles labeled with pH-sensitive dyes (Lakadamyali et al., 2003) . The initial acidification step coincides with viral entry into a Rab5-positive endosome ( Figures 3E  and 3F ), indicating that prior to the association with Rab5, the cargo did not join any acidic endosome. In addition, treatment with ammonium chloride to raise endosome pH did not affect the differential sorting of LDL and transferrin into the dynamic and static populations of early endosomes ( Figure 5A ), indicating that this pre-early endosome sorting is pH independent, unlike the sorting process occurring inside the early endosomes.
Differential Sorting into Distinct Early-Endosome Populations Requires Microtubules
An important difference between the two populations of early endosomes is that the rapidly maturing endosomes are highly mobile along microtubules while the slowly maturing ones are largely stationary. This, together with the observation that LDL and influenza mostly join early endosomes after the onset of microtubule-dependent transport, suggests that microtubules may play an important role in preferentially targeting these cargos to the dynamic, rapidly maturing endosome population. This is strongly supported by the observation that treatment with nocodazole to disrupt microtubules resulted in LDL and influenza nonselectively joining all early endosomes, just like transferrin ( Figure 5B ). We infer from these results that endocytic vesicles with microtubule-dependent motility will be preferentially delivered to dynamic, rapidly maturing endosomes which are also moving on microtubules, whereas vesicles lacking microtubule-dependent motility will nonselectively join all early endosomes.
The Pre-Early Endosome Sorting Begins at the Plasma Membrane The endocytic cargos studied in this work are all primarily internalized via clathrin-mediated endocytosis. The clathrin coat on nascent endocytic vesicles must be shed before the vesicle can fuse with endosomes (Bonifacino and Lippincott-Schwartz, 2003) . To measure the delay between clathrin uncoating and cargo delivery to Rab5-positive endosomes, we imaged influenza uptake in cells coexpressing ECFP-Rab5 and EYFP-clathrin. The brief delay detected (16 ± 7 s) is unlikely to be sufficient for the uncoated endocytic vesicle to be processed through an undetected sorting compartment before joining an early endosome. Therefore, it is likely that cargo sorting already occurs at the clathrin-coated vesicle level and that LDL, EGF, and influenza may be sorted to a subpopulation of coated vesicles, which are directly targeted to the dynamic early endosomes immediately after their detachment from the plasma membrane.
Consistent with this hypothesis, only a small fraction of clathrin-coated pits (CCPs) were observed to efficiently take up LDL whereas most CCPs readily take up transferrin ( Figures 6A-6C ). The fraction of CCPs loaded with LDL initially increases with LDL concentration but saturates near 15% at 37ºC ( Figure 6C ). These results suggest that only a small subset of CCPs can efficiently accept LDL. While it is formally possible that the saturation behavior is caused by saturating all LDL receptors (LDLRs), we consider this less likely for the following reasons: (1) The number of LDL particles bound to the cell continues to increase linearly with LDL concentration in the saturation region (not shown); (2) nonspecific binding of LDL was not detected even at a concentration eight times larger than the maximum concentration used here (Anderson et al., 1977) ; (3) upregulating LDLR expression by overnight incubation of cells with lipoprotein-deficient serum did not increase the fraction of CCPs occupied by LDL ( Figure 6C ). Using longer LDL incubation times at 37ºC did not change the saturation level, indicating that a dynamic equilibrium was reached. Similar results were also obtained when LDL binding was performed at 4ºC for 10 min ( Figure 6B ). However, a much higher fraction of CCPs (50%) were loaded with LDL when a 2 hr binding step at 4ºC was used, consistent with previous observations (Anderson et al., 1977) , indicating that most pits may eventually acquire the ability to recruit LDL given sufficient time under a condition where the formation of new pits is inhibited. However, the observation that the fraction of CCPs occupied by LDL saturates at 15% at 37ºC, in spite of the increasing density of LDL bound to the cell surface, suggests that a small subset of CCPs accepts LDL much more readily than the remaining ones. Similarly, only a small fraction of CCPs were loaded with EGF at 37ºC, no matter how high an EGF concentration was used ( Figure 6D ).
We also imaged the Disabled-2 (Dab2) protein, a specific endocytic adaptor for LDLR (Traub, 2003) , together with LDL and clathrin, after incubating the cells with various concentrations of LDL at 37ºC. CCPs show significant colocalization with Dab2 and the quantitative extent of colocalization is cell type dependent ( Figure S6A ; Morris and Cooper, 2001) . In BS-C-1 cells, roughly 30% of CCPs contain detectable amount of Dab2. The fraction of Dab2-positive CCPs containing LDL saturates at 25% at 37ºC. This fraction is 2-fold higher than that for Dab2-negative CCPs ( Figure 6E) . A quantitatively similar trend was also found in HeLa cells ( Figure S6B ), which exhibit a substantially higher Dab2-CCP colocalization ( Figure S6A ). These results indicate that a Dab2-enriched CCP is more likely to associate with LDL than a Dab2-deficient CCP.
The Role of Endocytic Adaptor Proteins in the Pre-Early Endosome Sorting
Although LDL, EGF, influenza, and transferrin are all internalized via clathrin-mediated endocytosis, the requirements for adaptor proteins are different. Using siRNA against the m2 subunit of the AP-2 adaptor, we show that the uptake of transferrin is blocked by the AP-2 knockdown ( Figures S7A and S7B ), but the internalization rate and extent of uptake for LDL and EGF are not affected (Figures S7C and S7D) , consistent with previous findings (Nesterov et al., 1999; Conner and Schmid, 2003; Hinrichsen et al., 2003; Motley et al., 2003) . The AP-2-independent uptake of EGF may be promoted by a low-temperature Figure 6A is adapted from Figure 1D of Rust et al. (2004). binding step (Huang et al., 2004) . Moreover, the internalization kinetics of influenza and the fraction of influenza viruses entering via clathrin-mediated endocytosis are also unaffected by AP-2 knockdown ( Figure S7E ), indicating that the clathrin-mediated endocytosis of influenza is independent of AP-2. These results suggest an interesting correlation between adaptor protein requirement and the observed pre-early endosomal sorting behavior: the AP-2-independent ligands, LDL, EGF, and influenza, are all preferentially targeted to the dynamic, rapidly maturing early endosomes, whereas the AP-2-dependent ligand transferrin is nonselective delivered to all early endosomes.
To further test the involvement of endocytic adaptors in sorting, we determined the overall distribution of rapidly and slowly maturing endosomes in the AP-2 knockdown cells. Remarkably, the balance between the two populations is dramatically shifted. In contrast to the untreated cells where only a minority (35%) of early endosomes matures rapidly, in the AP-2 knockdown cells, most of early endosomes (78%) belong to the dynamic, rapidly maturing population ( Figure 5C ). This shift is due to a large reduction in the total density of slowly maturing endosomes (by 8-fold), while the density of rapidly maturing endosomes remains unchanged (within 10%). Considering that the fusion of endocytic vesicles is a major contribution to the biogenesis of the early endosomes, this observation links the dynamic early-endosome population to the AP-2 independent endocytic vesicles and suggests that endocytic adaptor proteins play an important role in sorting endocytic vesicles to the different populations of early endosomes.
DISCUSSION
Receptor-mediated endocytosis is a major mechanism by which cells take up nutrients and signaling molecules and downregulate receptors on the cell surface. Due to its highly dynamic nature, how the endocytic network evolves over time remains incompletely understood. Recent advances in fluorescence microscopy allow the dynamics of microscopic cellular structures to be imaged in live cells. This capability can provide unique information critical for understanding the time-dependent behavior of the endocytic network. Indeed, real-time imaging of endocytic structures, such as the clathrin-coated vesicles, has substantially improved our understanding of their biogenesis (Gaidarov et al., 1999; Merrifield et al., 2002; Ehrlich et al., 2004; Merrifield et al., 2005) . Tracking individual cargo particles in live cells has elucidated specific uptake mechanisms (Pelkmans et al., 2004; Rust et al., 2004; Vonderheit and Helenius, 2005) .
In this study, using live-cell imaging to track the interaction between various endocytic ligands and endosomes at the single-particle level, we provide direct evidence that cargos destined for the degradation and recycling pathways are differentially sorted into two distinct populations of early endosomes, despite all being internalized via clathrin-mediated endocytosis. The mechanism underlying this pre-early endosome sorting process is discussed below.
The Early Endosomes Consist of Two Populations with Distinct Maturation Kinetics and Mobility
The endocytic pathway is primarily comprised of three types of endosomes: the early, recycling, and late endosomes. Endocytosed cargos were believed to first enter a common pool of early endosomes. Subsequently, receptors and ligands destined for recycling are delivered back to the cell surface; cargos bound for degradation are sorted to late endosomes and lysosomes (Trowbridge et al., 1993; Mellman, 1996; Mellman and Warren, 2000; Gruenberg, 2001) .
Using fluorescent Rab GTPases to mark endosomes and tracking them in live cells, we have discovered that early endosomes are not a homogeneous pool of organelles but in fact consist of two distinct populations (Figure 1) . The first population is highly mobile on microtubules and matures rapidly toward late endosomes, as indicated by the accumulation of Rab7. The second population is largely static, shows little microtubule-dependent motility, and matures much more slowly.
Cargos destined for the degradation pathway, once having joined a Rab5-positive early endosome, remain associated with that endosome while Rab7 accumulates (Figures  2 and 3) . These Rab5-and Rab7-copositive endosomes eventually lose their Rab5 content, either by gradual dissociation of Rab5 or by fission of the Rab5-positive domain (Rink et al., 2005; Vonderheit and Helenius, 2005) . The choice between the two appears to be cargo dependent (M.J.R., M.L., and X.Z., unpublished data).
It is interesting to note that early endocytic vesicles with special functions have been reported previously (Bomsel et al., 1989; Hughson and Hopkins, 1990; Parton et al., 1992; Mundigl et al., 1993; Wei et al., 1998) : certain apical endosomes in epithelial cells are thought to perform cell type-specific functions but do not take up ''housekeeping'' receptors and ligands; specialized endosomes also exist in neurons to recycle synaptic vesicles. These specialized endosomes are, however, unlikely to be related to the two early-endosome populations reported here, both of which colocalize with conventional early-endosome markers and receive ''housekeeping'' endocytic ligands. These populations are functionally distinct in that different ligands are differentially sorted to the two populations, as we discuss below.
Cargo Destined for Degradation and Recycling Are Differentially Sorted into the Two Populations of Early Endosomes
To date, early endosomes have been viewed as the initial sorting station; cargos for recycling and degradation were thought to first enter a common pool of early endosomes before sorting begins. By tracking endocytic cargo in live cells, we provide direct evidence for a pre-early endosome sorting process: while the recycling ligand transferrin enters both populations of early endosomes indiscriminately, LDL and EGF, which are bound for degradation, are predominantly targeted to the population of dynamic, rapidly maturing endosomes (Figures 2, 4 , and S5).
Influenza virus is also preferentially targeted to this dynamic population (Figure 3) . It is worth noting that this preearly endosome sorting would have been difficult to observe without real-time single-particle tracking. Since transferrin nonselectively enters all early endosomes, the endosomes containing LDL will also contain transferrin when both ligands are present ( Figure S5E ), just as previously observed (Dunn et al., 1989; Ghosh et al., 1994) . A quantitative analysis of the global distributions of LDL and transferrin also supports the pre-early endosome-sorting picture ( Figure S5 ).
In addition, we found that transferrin can be recycled from both populations of early endosomes. Taken together, these observations indicate that there are at least two stages of sorting between the recycling and degradation pathways. In addition to the well-known sorting process that occurs in the early endosome, an earlier sorting stage occurs even before the cargo enters early endosomes. At this earlier stage, those investigated cargos destined for degradation are predominately targeted to a small population of dynamic, rapidly maturing endosomes, but the recycling cargo transferrin enters all early endosomes nonselectively. Since the static, slowly maturing endosomes substantially outnumber the dynamic ones, transferrin is effectively enriched in the former population.
The Origin of Pre-Early Endosome Sorting Several pieces of evidence suggest that the observed differential sorting of endocytic cargos to the two early-endosome populations originates at the plasma membrane. First, the entry of cargo into the Rab5-positive endosomes occurs within seconds after the endocytic vesicles shed their clathrin coat, leaving little time for the cargo to be processed by yet another sorting compartment. Second, endocytic cargos experience their initial exposure to an acidic environment as they enter a Rab5-positive endosome ( Figures 3E and 3F ) and the observed pre-early endosome sorting is pH independent (Figure 5A ), eliminating the possibility of an undetected acidic sorting endosome. Finally, nearly all CCPs readily accept transferrin (Figure 6 ), whereas only a small fraction of CCPs take up LDL and EGF at 37ºC, no matter how high a LDL or EGF concentration is used (Figures 6 and S6 ), suggesting that a small subset of CCPs more readily accept LDL and EGF than the remaining ones. Notably, a Dab2-enriched CCP is more likely to associate with LDL than a Dab2-deficient CCP ( Figures 6E and S6B ), suggesting that Dab2 might partially contribute to the observed sorting behavior. This is consistent with the specific interactions identified between Dab2 and the internalization motif of LDLR (Morris and Cooper, 2001; Traub, 2003) . However, even among Dab2-positive CCPs, only a small fraction readily take up LDL at 37ºC (Figures 6E and S6B) , suggesting that important additional sorting factors are involved. Interestingly, another endocytic ligand, b-2AR, was also found to be enriched in coated vesicles containing a cargo-specific adaptor, b-arrestin (Cao et al., 1998) .
Adaptor proteins are critical components of clathrincoated vesicles, playing an important role in cargo recruitment. AP-2 was previously believed to be an obligatory adaptor for all clathrin-mediated endocytosis. However, it was recently found that, while transferrin requires AP-2 for internalization, the entry of LDL and EGF can proceed without AP-2, presumably by using alternative adaptors (Conner and Schmid, 2003; Hinrichsen et al., 2003; Motley et al., 2003; Huang et al., 2004) . Cargo-specific adaptors Dab2, ARH, epsins, HIP1/Hip1R, and AP180 have been proposed as possible candidates (Traub, 2003) . Our experiments confirm these previous results and further show the clathrin-mediated endocytosis of influenza is also independent of AP-2 ( Figure S7 ). These results suggest a potential correlation between adaptor proteins and pre-early endosome sorting: the cargos not requiring AP-2 for entry are preferentially targeted to the dynamic population of early endosomes, potentially due to the presence of alternative adaptors on the endocytic vesicles. Considering that fusion between endocytic vesicles is a major contribution to the biogenesis of early endosomes, this hypothesis predicts that depleting AP-2 should significantly increase the relative fraction of endocytic vesicles carrying alternative adaptors, which would be targeted to dynamic early endosomes or fuse with each other to form dynamic endosomes, therefore leading to a change in the balance between the two endosome populations. This is indeed observed: AP-2 knockdown drastically reduces the number of static endosomes while leaving the number of dynamic endosomes unchanged. As a result, the relative population of dynamic, rapidly maturing endosomes is substantially increased (Figure 5C ), consistent with the hypothesis that the dynamic population of early endosomes is linked to the AP-2-independent endocytic vesicles.
Finally, effective pre-early endosome sorting depends critically on an intact microtubule cytoskeleton. Disrupting microtubules removes the observed selective trafficking, causing LDL and influenza to be targeted indiscriminately to all early endosomes in a way similar to transferrin (Figure 5B) . This is consistent with the observations that endocytic vesicles containing LDL or influenza typically join dynamic early endosomes after the onset of microtubuledependent movement and that rapidly maturing endosomes show high mobility on microtubules, whereas the slowly maturing endosomes are largely immobile. Thus, the pre-early endosome sorting is determined by microtubule-dependent motility of the endocytic vesicles: the vesicles with the ability to rapidly engage microtubules after detachment from the plasma membrane are more likely to encounter a dynamic, rapidly maturing endosome which is itself moving on microtubules.
Taken together, we propose the following model for the observed pre-early endosome sorting (Figure 7) . Early endosomes are comprised of two distinct populations: a dynamic population that is highly mobile on microtubules and matures quickly toward late endosomes and a static population that matures much more slowly. These populations are functionally different in the uptake of endocytic cargo.
Several cargos destined for degradation, including LDL, EGF, and influenza virus, are internalized by a subpopulation(s) of clathrin-coated vesicles, which likely contain alternative endocytic adaptors in addition to AP-2. These vesicles rapidly engage microtubules and are consequently targeted to the dynamic population of early endosomes, which are also moving on microtubules. The recycling ligand transferrin is indiscriminately recruited to all clathrin-coated vesicles and thus delivered to both populations of early endosomes nonselectively. As a result, transferrin is effectively enriched in the larger, static population of early endosomes. The extent to which the correlation between the final fate of an endocytic ligand (in terms of degradation and recycling) and their pre-early endosome sorting is general and applicable to other ligands remains to be addressed. This model also suggests an intriguing connection between certain endocytic adaptors and microtubule-dependent motility, the plausibility of which is supported by the microtubule binding activity of several cargo-specific adaptor proteins (Kittel and Komori, 1999; Hussain et al., 2003) .
EXPERIMENTAL PROCEDURES
Materials BS-C-1 cells were from ATCC. Purified influenza virus X-31 was from Charles River Laboratories. DiD, CypHer5, and Cy3 labeling of the viruses was carried out as previously described (Lakadamyali et al., 2003) . Purified LDL was from Biomedical Technologies and labeled with DiD or Cy5. Alexa 647-labeled EGF and transferrin were from Molecular Probes. Antibodies against the clathrin heavy chain (Santa Cruz Biotechnologies), EEA1 (Abcam), CI-MPR (Affinity Bioreagents), a-subunit of AP-2 (Affinity Bioreagents), and Dab2 (Santa Cruz Biotechnologies and Transduction Labs) were used for immunofluorescence. Plasmids encoding ECFP-Rab5, EYFP-Rab5, and EYFP-Rab11 are gifts from M. Zerial. The plasmid encoding EYFP-Rab7 was constructed from ECFP-Rab7, a gift from S. Pfeffer. This plasmid was digested with XhoI and KpnI to isolate the gene encoding Rab7. This gene was then inserted into the pEYFP-C1 vector (Clontech). The plasmid encoding GFP-clathrin LCa was a gift from J. Keen and the plasmid encoding EYFP-clathrin LCa was previously constructed (Rust et al., 2004) . siRNA against the m2 subunit of AP-2 (AAGUGGAUGC CUUUCGGGUCA; Motley et al., 2003) was from Dharmacon.
Uptake and Trafficking of Transferrin, LDL, EGF, and Influenza Influenza virus was added to cells in situ at 37ºC during image acquisition. Transferrin, LDL, and EGF binding were performed at 0ºC or 37ºC, as specified. Labeled transferrin, LDL, and EGF were added to cells at a concentration of 20 mg/ml, 33 mg/ml, and 0.2 mg/ml, respectively, unless otherwise specified. At 0.2 mg/ml, we found that EGF still primarily enters BS-C-1 cells via clathrin-mediated endocytosis, although previous studies with different cell types have indicated a substantial diversion to a clathrin-independent pathway at a lower concentration (Jiang and Sorkin, 2003; Sigismund et al., 2005) , potentially due to a cell type difference. The uptake and endocytic trafficking of these ligands were imaged at 37ºC on a temperature-controlled microscope.
Live-Cell Fluorescence Imaging
We took three-color fluorescence images of ECFP, EYFP, or Cy3 and red fluorescent dyes (DiD, Alexa 647, or CypHer5) by simultaneously exciting fluorophores with a 454 nm argon laser (Melles-Griot), a 532 nm Early endosomes are comprised of a dynamic population that matures quickly towards late endosomes and a relatively static population that matures much more slowly. Cargos destined for degradation, including LDL, EGF, and influenza virus, are internalized by a subpopulation(s) of clathrin-coated vesicles, which likely contain alternative adaptors in addition to AP-2. These vesicles rapidly engage microtubules and are consequently targeted to the dynamic population of early endosomes, which are also moving on microtubules. The recycling ligand transferrin is indiscriminately recruited to all clathrin-coated vesicles and thus delivered to both populations of early endosomes nonselectively, effectively being enriched in the larger, static population.
Nd:YAG laser (Crystalaser), and a 633 nm helium-neon laser (MellesGriot), respectively. The 633 nm excitation was continuous, while the 454 nm and 532 nm excitations were alternated at 0.5 Hz. Short-wavelength (from ECFP, EYFP, or Cy3) and long-wavelength emissions (from DiD, Alexa 647, or CypHer5) were collected by a 1.4 N.A. objective (Olympus), separated by 650 nm long-pass dichroic mirrors (Chroma) and imaged by a CCD camera (CoolSNAP HQ, Roper Scientific). The long-wavelength images were acquired at two frames per second through a 665 nm long-pass filter. To collect alternating images of ECFP and EYFP (or Cy3), a motorized filter wheel was placed in the short-wavelength path and toggled between a 480/40 nm bandpass filter (for ECFP) and a 585/35 bandpass filter (for EYFP or Cy3) at 0.5 Hz, in synch with the alternating 454 nm and 532 nm excitations.
Additional Supplemental Experimental Procedures on cell culture, transfection, RNA interference, immunofluorescence and image analysis are included in Supplemental Data.
Supplemental Data
Supplemental Data include seven figures, seven movies, and Supplemental Experimental Procedures and can be found with this article online at http://www.cell.com/cgi/content/full/124/5/997/DC1/.
